The bifunctional enzyme UDP-GlcNAc 2-epimerase/ ManNAc kinase (GNE/MNK), encoded by the GNE gene, catalyzes the first two committed, rate-limiting steps in the biosynthesis of N-acetylneuraminic acid (sialic acid). GNE/MNK is feedback inhibited by binding of the downstream product, CMP-sialic acid in its allosteric site. GNE mutations can result in two human disorders, hereditary inclusion body myopathy (HIBM) or sialuria. So far, no active site geometry predictions or conformational transitions involved with function are available for mammalian GNE/MNK. The N-terminal GNE domain is homologous to various prokaryotic 2-epimerases, some of which have solved crystallographic structures. The C-terminal MNK domain belongs to the sugar kinases superfamily; its crystallographic structure is solved at 2.84Å and three-dimensional structures have also been reported for several other kinases. In this work, we employed available structural data of GNE/MNK homologs to model the active sites of human GNE/MNK and identify critical amino acid residues responsible for interactions with substrates. In addition, we modeled effects of GNE/MNK missense mutations associated with HIBM or sialuria on helix arrangement, substrate binding, and enzyme action. We found that all reported mutations are associated with the active sites or secondary structure interfaces of GNE/MNK. The Persian-Jewish HIBM founder mutation p.M712T is located at the interface α4α10 and likely affects GlcNAc, Mg2+, and ATP binding. This work contributes to further understanding of GNE/MNK function and ligand binding, which may assist future studies for therapeutic options that target misfolded GNE/MNK in HIBM and/or sialuria.
Introduction
Uridine diphosphate (UDP)-N-acetylglucosamine (GlcNAc) 2-epimerase/N-acetylmannosamine (ManNAc) kinase (GNE/ MNK) is a bifunctional enzyme of sialic acid biosynthesis encoded by the GNE gene (Hinderlich et al. 1997; Eisenberg et al. 2001) . One domain (GNE) carries out epimerase function; the other domain (MNK) is responsible for kinase activity. GNE mutations can result in two human disorders, hereditary inclusion body myopathy (HIBM) or sialuria (see Table I ) (Huizing 2005) .
In mammalian GNE/MNK, the end product of sialic acid synthesis, CMP-sialic acid, feedback-inhibits GNE-epimerase activity by binding in the allosteric site of GNE/MNK. This feedback-inhibition mechanism is significantly compromised in sialuria patients, resulting in cytoplasmic accumulation and urinary excretion of large quantities of free sialic acid (Seppala et al. 1991; Leroy et al. 2001) . Sialuria is an autosomal dominant disorder; all known sialuria patients are heterozygous mutated for a missense mutation in one of two amino acids, arginine at position 263 (R263L) or arginine at position 266 (R266Q; R266W) (see Table I ) (Enns et al. 2001; Ferreira et al. 1999; Seppala et al. 1999; Leroy et al. 2001) . The clustering of these mutations in the region of codons 263-266 supports the hypothesis that this region is part of the allosteric site for CMP-sialic acid binding. However, the exact dimensions of the allosteric site remain to be determined. Additional reports suggested experimental 'sialuria' mutations; the C303V mutation showed reduced feedback inhibition by CMP-sialic acid (Penner et al. 2006) , and amino acids D255, E260, K268, and N275 were found to be mutated in an experimental mutational screen for cells with high levels of sialic acid (Yarema et al. 2001) .
In contrast, HIBM is an autosomal recessive disorder; patients harbor two GNE mutations outside the enzyme's allosteric site, in either the GNE and/or MNK coding domains (Eisenberg et al. 2003) . HIBM mutations lead to decreased GNE and MNK enzymatic activities (Effertz et al. 1999; Sparks et al. 2005 , Penner et al. 2006 and, in some patients, decreased sialylation of glycoproteins (Huizing et al. 2004; Tajima et al. 2005) . To date, more than 60 HIBM-associated GNE mutations (predominantly missense, see Table I ) are identified. Mutations in one enzymatic domain also affect the activity of the other domain (Sparks et al. 2005; Penner et al. 2006) . GNE/MNK exists in two major oligomeric states, tetramers and dimers, which are in a dynamic interplay with monomers and higher aggregates. The fully functional tetrameric state of GNE/MNK is stabilized by ligands of the GNE domain, UDP-N-acetylglucosamine and CMP-N-acetylneuraminic acid (Ghaderi et al. 2007) .
The GNE/MNK allosteric site appears to exist only in the mammalian enzyme; prokaryotic 2-epimerases have no allosteric feedback inhibition. In prokaryotes, epimerase and Broccolini et al. 2002 Darvish et al. 2002 Eisenberg et al. 2001 Tomimitsu et al. 2004 Large deletion 3-9 Epimerase + Kinase Bo et al. 2003 a Gray shaded; severe mutations, likely resulting in nonsense mediated RNA decay and limited GNE/MNK protein expression. b GNE/MNK amino acid residues 1-378 are suggested to regulate epimerase enzymatic activity, and residues 410-722 regulate kinase enzymatic activity (Effertz et al. 1999) .
kinase functions are carried out by two separate enzymes. In mammals, a bifunctional enzyme may have evolved by gene fusion of the two independent enzymes responsible for epimerase and kinase activity. Similarities between mammalian GNE/MNK N-terminal regions with prokaryotic UDP-GlcNAc 2-epimerases and mammalian C-terminal regions with members of the sugar kinase superfamily assisted in identifying several characteristic motifs of the GNE and MNK enzymatic domains (Effertz et al. 1999) . Assessment of the structural changes introduced by a selected group of HIBM mutations was previously performed using CD spectroscopy and gel filtration analysis together with three-dimensional modeling based on Escherichia coli GNE and E. coli glucokinase three-dimensional structures (Penner et al. 2006 ). In the current study, we build on the previous study by employing all available structural data of GNE/MNK homologs together with interhelical angle calculations to model the structure and active sites of the GNE/MNK enzyme. In addition, we modeled effects of all reported missense mutations to date associated with HIBM or sialuria on interhelical arrangements, substrate binding, and enzyme action. These data contribute to predicting the pathogenicity of newly identified GNE/MNK mutations and are invaluable for further understanding of GNE/MNK ligand binding and function, which may assist in designing future studies for therapeutic options targeting mutated GNE/MNK in HIBM and/or sialuria.
Results

Three-dimensional model of the GNE domain
A three-dimensional structure of the GNE domain of the GNE/MNK enzyme was assembled using different tools. First, amino acid similarities between the Homo sapiens GNE/MNK enzyme and Vibrio cholera (27% homology), E. coli (20% homology), Bacillus subtilis (25% homology), Bacillus anthracis (18% homology), and Thermus thermophilus (21% homology) 2-epimerases ( Figure 1A) were considered. Second, the crystallographic structures of the E. coli GNE enzyme unbound and in complex with UDP-N-acetylglucosamine (pdb code 1f6d, 1vgv), the V. cholera enzyme (pdb code 1dzc), B. subtilis enzyme (pdb code 1o6c), and the B. anthracis enzyme in complex with reaction intermediate UDP and with allosteric activator UDP-N-acetylglucosamine (pdb code 3beo) were used to identify residues involved in ligand binding in the H. sapiens GNE domain. Third, similarity of the E. coli GNE enzyme to phosphoglycosyl transferases was employed, including glycogen phosphorylase (GP), phage T4 glycosyltransferase (BGT), and bacterial wall peptidoglycan hydrolase MurG (Campbell et al. 2000) . Tertiary structures of these enzymes contain the same fold while amino acid sequences differ strongly. All secondary structure elements except α2 and α8 can be superimposed in spite of less than 10% sequence identity between BGT or GP and GNE. And fourth, amino acids at helix-helix interfaces were considered to predict possible changes in the arrangement of helices in the human GNE domain of the GNE/MNK enzyme compared to homologous and distantly related structures.
Similarities between H. sapiens GNE, bacterial 2-epimerases, and phosphoglycosyl transferases ( Figure 1A ) and the presence of common ligands suggest that the GNE domain of the human GNE/MNK enzyme possess a similar structure, which contains two α/β domains that form a cleft at the domain interface harboring the active site. The topology of both domains is similar to the Rossmann dinucleotide binding fold (Rao and Rossmann 1973) . The N-terminal part of the GNE domain has a 7-stranded parallel β-sheet β1-β7 sandwiched between a total of seven α-helices ( Figure 1A , Table II ). The C-terminal part of the GNE domain contains a 6-stranded β-sheet, β8-β13, surrounded by a total of seven α-helices α8-α15 ( Figure 1A , Table II ). Interfaces between secondary structure elements of 2-epimerases consist of α-α (between a pair of α-helices) and α-β (between α-helix and β-sheet) types. Modeling of interfaces between α-helices shows that in spite of low overall homology (18-27%) between H. sapiens 2-epimerase and bacterial 2-epimerases, homology at helix-helix interfaces is higher (42%) indicating that these proteins have similar folds. For example, interactions between α-helices α3 and α4 show homology among all aligned structures with interhelical angles being between −53 and −43 degrees (see Material and methods; Modeling of GNE/MNK interhelical angles). This α3α4 interface also belongs to the same group of interfaces as those found in TIM-barrel proteins Mycobacterium tuberculosis 2-isopropyl-malate synthase and Aeropyrum pernix deoxyribose phosphate aldolase (Kurochkina 2007) . A detailed structure of interfaces that are not conserved has yet to be determined.
Predicted active site of the GNE domain
The active site of the GNE domains of prokaryotic epimerases contains about 10 conserved residues (Campbell et al. 2000) .
In the E. coli enzyme, amino acid residues recognized for importance for catalysis can be subdivided into several groups: (1) residues responsible for stabilization of the active site structure (P11, E12, G94, H115, G119, and E132); (2) residues facilitating interdomain rotation located in the interdomain hinge region (G170, D175); (3) residues binding the UDP portion of the substrate (R10, S290, E296); (4) residues forming the vicinity of the active site (K15, D95, E117, E131, R135, P18, V20, E132, G291, T96, Q271, Y273, F276), and (5) possible general catalyst H213 (Campbell et al. 2000) .
Since most of these residues are conserved in the H. sapiens 2-epimerase GNE domain, they may play a similar role in the human GNE/MNK enzyme. H. sapiens GNE/MNK residues corresponding to E. coli GNE residues may be assigned similar structural roles and can be subdivided into the same functional groups: (1) residues A20, D21, G111, H132, G136, and D144 (corresponding to residues P11, E12, G94, H115, G119, and E132 of the E. coli enzyme) responsible for stabilization of the active site structure; (2) residues G182 and D187 in the interdomain hinge region that facilitate interdomain rotation (corresponding to E. coli residues G170 and D175); (3) residues R19, S301, and E307 binding the UDP portion of the substrate (R10, S290, and E296 of the E. coli 2-epimerase); (4) residues K24, D112, E134, D143, R147, P27, M29, D144, S302, R113, forming the vicinity of the active site (K15, D95, E117, E131, R135, P18, V20, E132, G291, T96, Q271, Y273, F276 of the E. coli 2-epimerase), (5) possible general catalyst H220 (H213 of the E. coli 2-epimerase), and (6) H45 (H45 of the rat 2-epimerase) necessary for epimerase reaction.
Residues H45 and H132 of the rat GNE (98% homologous to H. sapiens GNE, residues 45 and 132 are also histidines in H. sapiens GNE), which correspond to H39 and H115 of the E. coli enzyme, were found to be important for epimerase activity (Effertz et al. 1999) . Mutation H132A resulted in loss of epimerase activity but not of kinase activity nor loss of the formation of trimeric/hexameric forms of the enzyme suggesting its involvement partially in the formation of the enzyme oligomeric state. Mutation H45A resulted in loss of epimerase activity but not of kinase activity nor loss of the formation of hexameric forms of the enzyme indicating its direct involvement in the epimerization process (Effertz et al. 1999) .
Based on the above data, the following residues are part of the putative active site of the human 2-epimerase enzyme activity of GNE/MNK: R19, A20, D21, K24, P27, M29, H45 G111, D112, H132, E134, G136, D143, D144, D147, D182, D187, H220, S301, G302, and E307 (also shown in Figures 1A, 3 , and Table III) .
Predicted active site of the MNK domain
The active site of the kinase domain (MNK) of human GNE/MNK was predicted using sequence alignment and structural alignment tools with previously studied hexokinases and glucokinases. In addition, we used the crystallographic structure of the MNK domain, which was determined in the ligandfree state (Tong et al. 2009 ). The three-dimensional structure of Sulfolobus tokodaii hexokinase was determined in the apo form and in complex with glucose, ADP, and xylose/Mg 2+ /ADP (Nishimazu et al. 2007 ). This hexokinase enzyme is known to phosphorylate glucose, GlcNAc, mannose, and glucosamine. It binds glucose via the β3α1 and β4α3 loops of the small kinase domain and the β5α4 and β8α5 loops of the large kinase domain. Glucose hydroxyl groups form hydrogen bonds with S. tokodaii hexokinase G69, D71, H94, D95, G135, D140 at N-termini of the α-helices α3 [72] [73] [74] [75] [76] [77] [78] [79] [80] [81] [82] [83] [84] 
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Fig. 2.
Tertiary structure of the active site of the 2-epimerase (GNE) domain of the GNE/MNK enzyme. (A) Superposition of the three-dimensional structure of the E. coli 2-epimerase in complex with UDP-N-acetylglucosamine (pdb code 1vgv) and the model of the H. sapiens 2-epimerase domain of the GME/MNK enzyme. Side chains of the active site residues (wire models) and binding site of the UDP-N-acetylglucosamine of the E. coli 2-epimerase (upper lines) and the corresponding residues of the human 2-epimerase (GNE) domain of the GME/MNK enzyme (lower lines) are shown. (B) Sequence of the two ROK characteristic motifs (underlined) involved in zinc and substrate binding in human GNE/MNK /3eo3/ and the E. coli Mlc protein /1z6r/. Motif 2 contains the consensus sequence CXCGXXGCXE, whereas motif 1 is a 28-residue sequence N-terminal to motif 2.
α5[143-160] and Y189 within the helix α6 [180] [181] [182] [183] [184] [185] [186] [187] [188] [189] [190] [191] [192] from the adjacent subunit. Water-mediated hydrogen bonds are formed by G11 (β1β2), N35 (α1), and G117 (β6β7) (Nishimazu et al. 2007) . Corresponding elements of the human GNE/MNK would be S477, D499, N516, D517, S561, E566, associated with α-helices α3[500-509], α4 [516] [517] [518] [519] [520] [521] [522] [523] [524] [525] [526] [527] [528] , and α5[566-570] ( Figure  1 ). S. tokodaii hexokinase amino acids G11 and G117 align with human GNE/MNK residues G416 and G545, which are located in the DXGGT ATP phosphate binding and GTG Zn 2+ binding conserved motifs, respectively (Figure 1 ). The DXGGT ATP phosphate binding motif (residues 412-417) falls within the β-strand β1 of MNK, where residue D413 is proposed to interact with ATP-complexed Mg 2+ and residue R420, located within β-strand β2, may interact with α and β phosphate oxygens (Effertz et al. 1999) . Besides these motifs, homology between S. tokodaii hexokinase and human MNK can be seen mainly in the region of MNK domain helix α4 and its interface with helix α10. In addition, the structure of very similar H. sapiens GlcNAc kinase in complex with GlcNAc (pdb code 2ch5) provides data on the N-acetyl portion of the ligand (Weihofen et al. 2006) .
Comparison of human GNE/MNK with Arthrobacter sp. glucomannokinase (GMK, pdb code 1woq) reveals a high number of identical residues in the glucose binding helices α4 and α5 including their N-terminal loop regions ( Figure 1B) . Therefore, it suggests that E566 of human GNE/MNK, which corresponds N Kurochkina et al. (Ferreira et al. 1999; Seppala et al. 1999; Leroy et al. 2001; Enns et al. 2001; Yarema et al. 2001; Penner et al. 2006) to E168 of glucomannokinase, might be a glucose binding amino acid (Figure 3 ). In spite of low sequence homology (28% identical residues), the Arthrobacter sp. glucomannokinase and the human GNE/MNK enzyme have very similar tertiary structure ( Figure 4A ). The active site residues interacting with glucose hydroxyl groups and phosphates in Arthrobacter sp. glucomannokinase exhibit a high degree of conservation with residues proposed to carry out the same function in the human GNE/MNK enzyme ( Figure 4B ). As a result, the following residues of the human MNK domain may play a role in binding glucose hydroxyl groups in the kinase enzyme active site.
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(1) The N516 and D517 residues of GNE/MNK (see Figure 3) , since they correspond to the H94 and D95 residues of S. tokodaii hexokinase (pdb code 2e2o), the N656 and D657 residues of H. sapiens hexokinase I (pdb code 1dgk), the N122 and D123 residues of Arthrobacter sp. glucomannokinase (pdb code 1woq) ( Figure 4B ), and the H194 and D195 residues of the E. coli Mlc protein (pdb code 1z6r). Aspartic acid is assigned a role of abstracting the proton from the 6-hydroxyl group of glucose as a catalytic base (Nishimazu et al. 2007 ). (2) E566, H569, E588 of GNE/MNK, which correspond to E168, H171, E180 of Arthrobacter sp. glucomannokinase (pdb code 1woq) ( Figure 4B ), and E244, H247, E266 of E. coli Mlc protein (1z6r).
Based on the above data, the following residues are part of the putative active site of the human ManNAc kinase enzyme activity of GNE/MNK: N516, D517, E566, H569, and E588. All residues contributing to catalytic activity are listed in Table III .
Human GNE/MNK mutations
All reported GNE/MNK mutations associated with HIBM and sialuria were collected using existing databases and extensive literature search (Nishino et al. 2002; Eisenberg et al. 2003; Tomimitsu et al. 2004; Huizing and Krasnewich 2009) and are listed in Table I . For the dominant disorder sialuria, only missense mutations are identified in the heterozygous state (Ferreira et al. 1999; Seppala et al. 1999; Enns et al. 2001; Leroy et al. 2001) . For the recessive disorder HIBM, a missense mutation is present on at least one affected allele; severe mutations (frameshifts, nonsense mutations, indicated by gray background in Table I , likely resulting in nonsense-mediated GNE mRNA decay) on both alleles are likely not compatible with life (Schwartzkopf et al. 2002) .
All human GNE/MNK missense mutations were mapped on the predicted three-dimensional model and predicted active site residues of the GNE and MNK domains of GNE/MNK (Table I) . Several mutations found in HIBM and sialuria patients are located in the proximity of proposed active sites. For example for GNE domain mutations, residues P27 and M29, which are mutated in HIBM (p.P27S, p.M29T), are involved in ligand binding and are part of the epimerase active site. These residues are located on the α1-helix [residues 18-34] of GNE, which also carries residues R19, D21, and K24 corresponding to R10, E12, and K15 of the E. coli enzyme where they function in stabilization of the structure and binding of the UDP portion of the substrate (Campbell et al. 2000) . The human mutations N Kurochkina et al. Fig. 4 . Tertiary structure of GNE/MNK. Superposition of the three-dimensional structures of the Arthrobacter sp. glucomannokinase (magenta ribbon) in complex with glucose and phosphates and the human GME/MNK enzyme (gray ribbon). Side chains of the active site residues (wire models) are shown. Oxygen -red, nitrogen -blue, carbon -gray/black, and phosphorus -yellow. (A) Overall fold. (B) Binding sites of the glucose and phosphates of the Arthrobacter sp. glucomannokinase (upper lines) and the corresponding residues of the human GME/MNK enzyme (lower lines).
p.R129Q, p.H132Q, p.G135V, p.V216A, and p.D225N are located at or near the predicted GNE active site residues H132, E134, G136, and H220, which were derived from homology to H115, E117, G119, and H213 of the E. coli enzyme (Campbell et al. 2000) . Predicted structural positions of other reported GNE-epimerase domain mutations are listed in Table I . Similar predictions can be made for mutations in the MNK enzymatic domain of GNE/MNK (Table I) . For example, the human p.N519S mutation is located within the α4-helix [residues 516-528], which contains a glucose binding site at the Nterminal site of the α4-helix. It is possible that substrate binding is impaired in the human p.N519S mutant. A serine residue is present in the structurally equivalent position of the Mlc protein ( Figure 1A and B) , which does not bind glucose. Previous CD spectroscopy studies observed the largest structural changes for the p.N519S mutant, associated with loss of α-helical structures (Penner et al. 2006) . Another human MNK mutation, p.A524V, is located at the interface of the α-helices α4 [residues 516-528] and α10 [residues 703-717]. The alanine residue is conserved among structurally similar proteins except HKI carrying a threonine in this position. It is possible that this residue is important in helix-helix interface contacts. Five MNK mutations are located at the site of the ROK consensus sequences (motifs 1 and 2). The ROK family of enzymes (Repressors, Open reading frames, and Kinases) contains two characteristic sequence motifs involved in zinc binding, a highly conserved motif 2 with the cysteine-rich consensus sequence CXCGXXGCXE and a less specific 28-residue sequence (motif 1) located nine residues upstream of motif 2 (Hansen et al. 2002) . The MNK domain of the GNE/MNK enzyme being a member of the ROK family contains both motifs, which bind zinc and substrate ( Figure 2B ). It is 25% homologous to the Mlc protein, its closest homolog in the ROK family. The zinc binding site as observed in the crystallographic structure of the MNK domain is coordinated by the H569, C579, C581, and C586 residues (Tong et al. 2009 ). The human mutations p.G576E and p.I587T are located in the proximity of a characteristic zinc and substrate binding site (motif 2) with the consensus sequence CXCGXXGCXE of ROK proteins (Hansen et al. 2002) . Mutations p.I557T and p.G559R are part of consensus sequence 1, whereas p.V572L is located in the 9-residue sequence connecting the two motifs.
In the glucose binding site, S158 of Schistosoma mansoni and Saccharomyces cerevisiae hexokinases (Kuser et al. 2000 ; pdb code 1ig8) and E. coli glucokinase (Lunin et al. 2004 ; pdb code 1sz2) bind glucose in the closed conformation. The mutant S158A impairs catalytic activity of S. mansoni hexokinase (Kleywegt and Jones 1996) . The S158 residue is conserved among hexokinases and contains an autophosphorylation site (Heidrich et al. 1997; Kuser et al. 2000) . In GNE/MNK, the corresponding residue is S473. Two HIBM mutations, p.I472T and p.S473Y, are associated with this site. However, no data are available on the possible phosphorylation of S473 in mammalian GNE/MNK.
The MNK domain mutation p.M712T is the most common mutation causing HIBM, due to a founder effect in the PersianJewish population (Eisenberg et al. 2001) . The methionine at position 712 is located at the interface of two MNK domain α-helices α4 [516] [517] [518] [519] [520] [521] [522] [523] [524] [525] [526] [527] [528] and α10 [703] [704] [705] [706] [707] [708] [709] [710] [711] [712] [713] [714] [715] [716] [717] and is involved in interactions with strands β4 and β5 of a β3β2β1β4β5 β-sheet so that 85% of the M712 surface is removed from possible contacts with solvent ( Figure 3 ). This β3β2β1β4β5 β-sheet contains the typical DXGGT motif of sugar kinases involved in ATP binding (Nishimazu et al. 2007 ). The MNK-domain helix α4 [516] [517] [518] [519] [520] [521] [522] [523] [524] [525] [526] [527] [528] is equivalent to an α-helix [95-105] of hexokinase (pdb code 2e2n, 2e2p, 2e2o, 2e2q), which is involved in glucose and Mg 2+ binding (Nishimazu et al. 2007) . Previous NMR studies showed that GlcNAc binds to the ManNAc kinase site as a substrate in a similar way as ManNAc does. Active site atomic groups for both steps of the reaction are close to each other in space Blume et al. 2004) . Mutation p.M712T could affect the interface between the helices and therefore potential GlcNAc/ManNAc and/or Mg 2+ binding. Since GlcNAc binding is needed for both the epimerase step and the kinase step of GNE/MNK activity, it could explain how MNK mutations result in reduced GNE activity. Predicted structural positions of other reported MNK-kinase domain mutations are listed in Table I .
Mutations associated with sialuria are located in the allosteric site of the H. sapiens GME/MNK enzyme, within the region of an α10β10 loop ( Figure 1A ). This allosteric site is absent from prokaryotic GNE, and amino acid sequences within and surrounding this site have very low degree of homology with bacterial enzymes. It is therefore a matter of future work to make structural predictions on effects of human allosteric site mutations.
Interhelical angle calculations
Helix-helix interfaces form structural frames to help position protein atomic groups for their interactions with ligands. Interhelical angles influence the ability of molecules to bind ligands. Amino acids at key interior positions of helix-helix interfaces are important for the orientation of helices (Kurochkina 2007 (Kurochkina , 2008 . Mutations away from the active site of the enzyme may affect catalytic activity via changes in the composition of secondary structure interfaces.
Alignment of amino acids at positions a and d of two interacting helices was made for the interface between MNK domain helices α4 [residues 113-126] and α10 [residues 249-260] ( Figure 3B ), which contain the human mutations p.M712T and p.A524V. Aspartic acid (assigned helix position e) at the Nterminus of helix α4 is the most conserved residue, which is preceded by either an N, H or T residue in other homologs (assigned helix position d), also contributing to catalytic activity ( Figure 3B ). However, interface residues at positions a and d as well as e and g are not conserved. As a consequence, interhelical angles vary from 69
• to 90 • ( Figure 3B ). Residue M712 (mutated in HIBM p.M712T) is located at position e of the interface and forms an interhelical angle of 69
• with helix α4 in human GNE/MNK. In some other homologs ( Figure  3B ), this position is occupied by alanine. Interestingly, human hexokinase HKI does not bind GlcNAc, and HKI exhibits a threonine similarly located in position e (89
• interhelical angle with helix α4), which may suggest that the GNE/MNK p.M712T mutation may loosen its ability to bind GlcNAc. Similarly, a mutated alanine in position e in helix α4, as is the case for the p.A524V HIBM mutation, may also result in reduced GlcNAc binding.
High variability of the interface residues in H. sapiens MNK, S. tokodaii, H. sapiens and S. cerevisiae hexokinases, Poly(P)/ATP glucomannokinase, H. sapiens GlcNAc kinase, E. coli Mlc protein, and E. coli glycerol kinase correlates with variation of the interhelical angle and indicates possible site of adjustment of ligand conformation to protein conformation.
Mutations associated with HIBM or sialuria (Table I ) are largely located (1) inside active sites and binding motifs, (2) in the proximity of active sites, allosteric sites, and ligand binding motifs or (3) at the secondary structure interfaces, which influence positioning of atomic groups important for catalysis.
Discussion
In this study, we explored three-dimensional modeling of the human GNE/MNK enzyme and created a model of both GNEepimerase and MNK-kinase enzymatic domains, as well as a prediction of the putative active sites of these enzymes. Most of the active site residues are conserved and could be assigned functions similar to bacterial homologs. Residues located at the secondary structure interfaces showed a higher degree of homology (42%) compared to overall homology (18-27%) and indicate similar folds.
We identified GNE-domain residues R19, A20, D21, K24, P27, M29, H45, G111, D112, R113, H132, E134, G136, D143, D144, R147, G182, D187, H220, S301, G302, and E307 as putative active site residues. Similarly, we identified residues D413, G416, R420, N516, D517, G545, E566, H569, C579, C581, C586, and E588, as putative MNK active site residues (Table III) .
As expected, very low similarity in amino acid composition is observed at the site of bacterial allosteric regulation (which is absent from the mammalian enzyme), at the site of mammalian allosteric regulation (which is absent from the bacterial enzymes), and at the subunit interface.
The active site of the 2-epimerase (GNE) domain is located between domains I (N-terminal) and II (C-terminal), each exhibiting topology of Rossmann dinucleotide binding fold. Most of the secondary structure elements of domains I and II can be aligned (Table II) indicating similarity in their three-dimensional structure.
Differences in the active site residues between enzymes contribute to enzyme specificity toward substrates. For example, S. tokodaii hexokinase (pdb code 2e2o) phosphorylates glucose, mannose, glucosamine, and GlcNAc while H. sapiens hexokinase I (pdb code 1dgk) phosphorylates glucose, but does not accommodate GlcNAc. Arthrobacter sp. glucomannokinase (pdb code 1woq) phosphorylates glucose and mannose. However, not only active site residues but also residues distant from the active site can contribute to specificity. Four of the five residues involved in glucose binding (D195, E244, H247, and E266) are identical in Mlc, Arthrobacter sp. glucomannokinase, E. coli glucokinase, H. sapiens MNK, and ROK family member B. subtilis fructokinase. The fifth residue, H194 in Mlc, is an asparagine in Arthrobacter sp. glucomannokinase, H. sapiens MNK, and E. coli glucokinase, and a threonine in B. subtilis fructokinase. However, despite the high similarity of the binding site, Mlc does not bind glucose nor glucose 6-phosphate. Mutation of the histidine to asparagine does not result in glucose binding or glucokinase activity (Schiefner et al. 2005 ). Residues at helix-helix interfaces, which position active site residues, may be candidates for this role.
The proposed three-dimensional model of the active site of the kinase domain of the GNE/MNK enzyme assigns a structural role to all catalytic residues due to a high degree of similarity between hexokinases, ROK family kinases, and glucomannokinases.
Further modeling has to address possible orientations of the GNE domain relative to the MNK domain in the bifunctional GNE/MNK enzyme, possible arrangement of its subunits in the active hexameric state, composition of secondary structure interfaces with low homology, structure of the allosteric site, and exact location of ligands in the active sites and allosteric site.
Mutations associated with HIBM and sialuria were mapped onto the preliminary three-dimensional model of the GNE/MNK enzyme. Location of the mutations relative to active sites and secondary structure interfaces assists in predicting effects of these mutations on the enzymatic activity. Practically all mutations either directly interfere with the location of residues important for catalysis or affect secondary structure interfaces and indirectly contribute to the positioning of catalytic residues and binding sites of substrates.
Mutations associated with HIBM and sialuria have proximal (in the active sites and their vicinity) and distal (at the secondary structure interfaces) effects on the structure and function of the enzyme. Mutant p.M712T, being at the interface of α-helices α4 (catalytic) and α10, most likely affects GlcNAc, Mg 2+ , and/or ATP binding. Changes in secondary structure content were also observed for this mutant measured by CD spectroscopy (Penner et al. 2006) .
Modeling of the GNE/MNK, the key enzyme in sialic acid biosynthesis, and related proteins contributes to further understanding of GNE/MNK function, its ligands, and the origin of substrate/inhibitor/regulator specificity of this family of enzymes. Furthermore, modeling of the mutations associated with HIBM or sialuria reveals why these mutations contribute to decreased/inhibited enzymatic activities. It is possible that further modeling studies reveal ligands (with a similar or different structure to ManNAc) that may be good candidates for rescuing the (misfolding) effects of mutated GNE/MNK, or suggest new possible metabolic pathways that may overcome these effects and may be applied for the treatment of HIBM or sialuria.
This work contributes to further understanding of GNE/MNK ligand binding and function, which may assist future studies for therapeutic options that target misfolded GNE/MNK in HIBM and/or sialuria.
Material and methods
Identification of GNE/MNK homologous structures
Atomic coordinates of proteins determined by X-ray crystallography were used from the Brookhaven Protein Databank (Bernstein et al. 1977) . The following crystallographic structures of proteins homologous to the GNE/MNK enzyme including their complexes with ligands given by their PDB (Protein Data Bank) designation were used: 3eo3, 2e2n, 2w2p, 2e2o, 2e2q, 1dgk, 1hkc, 1qha, 1woq, 1ig8, 2aa4, 3b8a, 2ch5, 2ch6, 2bis, 1sz2, 1fxj, 1yqh, 1f6d, 1vgv, 1o6c, 1v4v, 3beo, 3dzc, 1z6r, 2hid, 2hro, 1glc, 2w41, 2zf5 . In addition, proteins structurally related to GNE/MNK were included, such as sugar kinases, 2-and 4-epimerases, acyltransferases, pyrophosphorylases, glycogen synthase, glycogen phosphorylase, and histidines-containing phosphocarrier protein (HPr). Protein sequences were retrieved from GenBank TM including the human GNE/MNK enzyme (GenBank NM_005476).
Protein sequences of organisms (pro-and eukaryotes) with 2-epimerase and/or sugar kinase activities were selected using ontology gene annotations (Ashburner et al. 2000) , and they were aligned using BLAST (Basic Local Alignment Search Tool, NCBI). For homology searches, the expected threshold E-value of 0.1 was used as a cut-off. This value is the statistical significance threshold for reporting matches against database sequences and is comparable with the p-value. These sequence alignments were then combined with structural alignments to identify structurally identical residues responsible for similar enzymatic functions (Figure 1) .
Modeling of GNE/MNK interhelical angles
The secondary structure elements (α-helices, β-sheets, etc.) form a protein's three-dimensional structure. They associate in
